Ewing sarcoma is a bone and soft-tissue tumor that depends on the activity of the EWS-FLI1 transcription factor for cell survival. Although a number of compounds have been shown to inhibit EWS-FLI1 in vitro, a clinical EWS-FLI1-directed therapy has not been achieved. One problem plaguing drug development efforts is the lack of a suitable, non-invasive, pharmacodynamic marker of EWS-FLI1 activity. Here we show that 18 F-FLT PET ( 18 F-3′-deoxy-3′-fluorothymidine positron emission tomography) reflects EWS-FLI1 activity in Ewing sarcoma cells both in vitro and in vivo.
Ewing sarcoma has a somatic mutation frequency that is among the lowest of human cancers, with few recurrent traditional drug targets [1] [2] [3] . The defining molecular feature of this tumor, in 85% of cases, is the balanced chromosomal translocation between the EWSR1 gene and the FLI1 gene, which generates the EWS-FLI1 oncogenic transcription factor 4 . Silencing of EWS-FLI1 has been shown to limit anchorage-independent growth, to put the cell in a more dedifferentiated state, and to limit the ability of the cells to continue to proliferate 5 . Therefore, efforts have been focused on developing small-molecule inhibitors of EWS-FLI1 transcriptional activity with the hope of reversing the malignant phenotype in patients [6] [7] [8] [9] [10] [11] . Three compounds that suppress the gene signature of EWS-FLI1, cytarabine, trabectedin, and mithramycin, have all been evaluated in patients 12, 13 . In all three cases, it is unclear if the compounds achieved the exposure necessary to block EWS-FLI1 activity, either due to patient selection, schedule of administration, or toxicity 12 . As more compounds and approaches to target EWS-FLI1 move to the clinic, there is a great need for a pharmacodynamic marker of EWS-FLI1 activity to determine whether the therapy is suppressing the desired target. Ideally, this biomarker would be imaging-based to avoid the need for costly, time-limited, and invasive biopsies. This would allow adaptive clinical trial designs, and perhaps even patient-specific dosing, that may improve the therapeutic window.
In this report, we characterize the PET tracer 18 F-FLT as a pharmacodynamic marker of EWS-FLI1 activity. We show that the proteins responsible for activity of this tracer, ENT1, ENT2 and TK1 are driven by EWS-FLI1 in Ewing sarcoma cells. We demonstrate that expression of these proteins correlates with the activity of 18 F-FLT by positron emission tomography both in vitro and vivo. We link suppression of PET activity to EWS-FLI1 and exclude non-specific causes to establish 18 F-FLT as a non-invasive biomarker of EWS-FLI1 activity.
Results

EWS-FLI1 induces expression of the proteins responsible for 18
F-FLT PET activity in Ewing sarcoma cells. We reasoned that because EWS-FLI1 alters the expression of a percentage of the transcriptome, a commercially available PET tracer could likely be used to monitor EWS-FLI1 activity 14 . We hypothesized that we could identify a surface protein driven by EWS-FLI1 in Ewing sarcoma cells that could be labeled with a radioactively tagged transport substrate, ligand, or antibody (Fig. 1A) . This would allow the measurement of expression before and after drug treatment to quantify EWS-FLI1 suppression. We linked available tracers to the proteins responsible for their PET activity and used qPCR to see if any were suppressed upon siRNA silencing of EWS-FLI1 in three Ewing sarcoma cell lines. We found limited suppression of the majority of these targets, except for three proteins responsible for 18 F-FLT activity, all of which were significantly suppressed with silencing of EWS-FLI1 (see arrows, Fig. 1B ; statistics in Supplementary Table 1) . 18 F-FLT is a labeled thymidine analog that was first identified by Shields et al. as a marker of tumor proliferation 15 . The tracer is transported into cells by ENT1 and ENT2 and to a lesser extent by CNT1 and CNT3 16 . Once inside the cell, the tracer is phosphorylated by TK1 and thus trapped. It is not incorporated into newly synthesized DNA and is less prone to catabolism due to the replacement of the hydroxyl group at the 3′ position with the fluorine tag 17 . Therefore, the tracer is retained in cells and the tumor is measureable on PET. The tracer reflects proliferation because TK1 activity increases during S-phase, and several studies link Ki67 staining to 18 F-FLT activity 18, 19 . Indeed, this relationship has been exploited to follow tumor proliferation for targeted agents including mTOR, EGFR, and BRAF, among others [20] [21] [22] [23] . Although FLT activity is multifactorial and clearly dependent on nucleoside transport, the major determinant of its PET activity is likely related to TK1 activity, because passive diffusion out of the cell would be possible in the absence of TK1. Further, there is a correlation between 18 F-FLT PET activity and TK1 activity but not 18 F-FLT PET activity and nucleoside transport protein expression 23, 24 . One study established the importance of context for the activity of the tracer, showing that it is most sensitive in the setting of high nucleoside transporter expression, high TK1, and an agent that induced cell cycle arrest 23 . We confirmed that silencing of EWS-FLI1 repressed the mRNA expression of ENT1, ENT2, and TK1 in four Ewing sarcoma cell lines ( Fig. 1C ; statistics in Supplementary Table 2 ). TK1, the best indicator of 18 F-FLT PET activity, was the most suppressed in all lines tested. Furthermore, TK1 has been independently linked to EWS-FLI1 in a previous study 25 . We confirmed suppression of ENT1, ENT2, and TK1 at the protein level in four Ewing sarcoma cell lines ( Figs 1D and 2A) . Again, TK1 was the most suppressed; ENT2 and ENT1 showed only modest suppression.
Small molecule EWS-FLI1 inhibitors block expression of ENT1, ENT2 and TK1 in Ewing sarcoma cells but not in EWS-FLI1 negative control cell lines. In order for the clinical potential of this assay to be realized, we next needed to show that small molecules targeting EWS-FLI1 suppressed expression of these targets. We previously identified mithramycin as an EWS-FLI1 inhibitor in a high-throughput screen 9 . Mithramycin suppressed the expression of ENT1, ENT2, and TK1 in TC32 Ewing sarcoma cells to a similar extent as siRNA silencing of EWS-FLI1 ( Fig. 2A) . In addition, we showed that the second-generation mithramycin analogs EC-8042 and EC-8105 also suppressed expression of those three molecules in a highly significant manner ( Fig. 2B ; statistics in Supplementary Table 3a) 26 . In order to exclude nonspecific cytotoxicity as a cause of the suppression, we also showed that the chemotherapeutic agent 5FU did not suppress expression of TK1, despite a known sensitivity of Ewing sarcoma cells to the cytotoxic effects of the drug 27 . In order to exclude a general suppression of transcription as the cause and to strengthen the link to EWS-FLI1, we evaluated how treatment with mithramycin or 5-FU affected expression of these proteins in four cell lines (MCF7, A2058, RH30, and RD) that do not express EWS-FLI1. We found no suppression of ENT1, ENT2, or TK1 with either agent in any of those cell lines (Fig. 2C) .
EWS-FLI1 blockade leads to suppression of
18 F-FLT activity but not 18 F-FDG activity in vitro independent of effects on the cell cycle. Next, we showed that the suppression of EWS-FLI1 and of ENT1, ENT2, and TK1 expression translated into suppression of 18 F-FLT activity in Ewing sarcoma cells in vitro. 18 F-FLT activity was markedly suppressed with silencing of EWS-FLI1 by siRNA, but not when a non-targeting siRNA (control) was used (Fig. 3A) . As additional evidence for the specificity of this effect for EWS-FL1, we showed that the suppression of 18 F-FLT was phenocopied with EWS-FLI1-directed small molecules. We showed a highly significant suppression of 18 F-FLT activity upon treatment with 50 nM mithramycin, 50 nM EC-8042, and 15 nM EC-8105 ( Fig. 3A ; statistics in Supplementary Table 4a ). As further evidence of specificity, we treated cells with the chemotherapeutic agent 5-FU. Again, no suppression of 18 F-FLT activity was found; in fact, its PET activity was induced consistent with known effects of 5-FU 28 ( Fig. 3A) . As an additional control for cell viability and non-specific metabolic effects as a cause for the suppression of 18 F-FLT activity, we also evaluated the effect of siRNA silencing of EWS-FLI1 on the activity of the commonly employed PET tracer Supplementary Table 4b ). In contrast, since the 5-FU treatment suppressed cell viability, there was suppression of 18 F-FDG activity. In other cell contexts, 18 F-FLT has been used to follow cell cycle progression because TK1 activity increases in late G1 and S phase 29, 30 . Indeed it has been shown that in A549 carcinoma cells, 18 F-FLT PET activity increases with an increasing percentage of cells in S-phase 24 . Since a major function of EWS-FLI1, particularly for the induced gene targets, is to modulate the cell cycle we needed to control for non-specific cell cycle changes as the cause of 18 F-FLT suppression 14, 31 . In this setting more rapid progression through the cell cycle would be associated with a loss of 18 F-FLT PET activity. Therefore, we needed to show that the suppression of FLT activity did not reflect a nonspecific more rapid progression through the cell cycle. In all cases, we found cell cycle arrest. Silencing of EWS-FLI1 with siRNA caused a marked arrest of TC32 cells in G1, from 40.8% (SEM + /− 3.0) to 60.8 (SEM + /− 3.1) (Fig. 4A,B ). This G1 arrest was phenocopied with mithramycin and EC-8042 in particular (Fig. 4B) . In contrast, EC-8105 did not cause a G1 One would therefore predict an increase in 18 F-FLT activity with these treatments based on the accumulation of cells in late G1 or S that would be expected to increase TK1 expression and activity. However, in every instance where EWS-FLI1 was suppressed 18 F-FLT activity decreased regardless of which phase in the cell cycle the cells were arrested. These results show that in Ewing sarcoma cells, blockade of EWS-FLI1 leads to an inability of cells to take up and retain 18 F-FLT and this effect is the major determinant of activity in this cell type in the setting of EWS-FLI1 directed therapy.
Finally, as an additional control, we treated cells with chemotherapy that does not target EWS-FLI1 and is used in the clinic to treat Ewing sarcoma. We treated TC32 Ewing sarcoma cells with 2 nM vincristine, 80 nM etoposide and 50 nM, or concentrations around the IC50 (but before substantial cell death) and found no significant suppression of 18 F-FLT PET activity (Fig. 4C ). This suppression correlated with the small suppression of viability at this concentration and time of exposure. It is notable that at higher doses, treatment is associated with a loss of viability and therefore non-specific suppression of 18 F-FLT (data not shown).
EWS-FLI1 blockade causes a loss of 18 F-FLT activity that correlates with TK1 supression in xenograft models of Ewing sarcoma. To demonstrate the clinical utility of this assay, we showed that these effects translated to the in vivo setting in our xenograft model of Ewing sarcoma. Mice were implanted with TC71 xenografts in the left gastrocnemius muscle. Once the tumors were established, they were treated with 1 mg/kg mithramycin, 24 mg/kg EC-8042, or 1.5 mg/kg of EC-8105, all by the intraperitoneal route. Again, marked suppression of 18 F-FLT activity was observed in vivo (particularly at 24 h) and was most prominent with EC-8042, consistent with an EWS-FLI1-specific effect ( Fig. 5A; Supplementary Figs 1 and 2 ). Cross-section imaging indicated that similar amounts of tracer were administered to the animals (Fig. 5A) . Suppression was not observed with 50 mg/kg of intraperitoneal 5-FU, which markedly induced 18 F-FLT activity in these Ewing sarcoma xenografts, particularly at 6 h of treatment ( Supplementary Fig. 3 ). Recovery to normal FLT activity occurred at 48 h following treatment (data not shown). Staining of tissue for TK1 showed its suppressed expression upon drug treatment, consistent with in vitro data (Fig. 5B) . Interestingly, EC-8042 showed the greatest degree of suppression of 18 F-FLT activity and the most marked changes in staining, which correlates with the most profound response to treatment that we recently reported 26 . In contrast, the staining was more variable with EC-8105 and mithramycin, consistent with the relative activity of these drugs by the intraperitoneal route ( Supplementary Fig. 4 ). Although this correlation with response would need to be tested in a prospective fashion preferably in patients.
Discussion
18
F-FLT is a PET tracer originally identified by Shields et al. that has found widespread usefulness in the clinic as a pharmacodynamic marker of cell cycle progression and perhaps even a surrogate for ki67 staining 15, 18, 32 . This tracer is complementary to 18 F-FDG and works particularly well in tumors that show high TK1 activity or in areas of the body associated with high 18 F-FDG activity such as the brain that limit the use of 18 F-FDG 33 . In this report, we propose an alternative use of this tracer. We capitalize on the fact that in Ewing sarcoma cells EWS-FLI1 drives expression of the proteins responsible for the transport and retention of the 18 F-FLT tracer within the cell. We therefore utilize the tracer to reflect expression of these targets and as a result EWS-FLI1 activity. We show that silencing of EWS-FLI1 leads to a loss in expression of TK1, ENT2 and ENT1. This effect occurred in multiple Ewing sarcoma cell lines with siRNA targeting EWS-FLI1 and with multiple small molecules that inhibit EWS-FLI1 34 . The effect was not the result of nonspecific suppression of transcription of ENT1, ENT2 or TK1 by mithramycin as it did not occur in 4 control cell lines. Additionally, we exclude general cytotoxicity or a general suppression of metabolism as the mechanism of 18 F-FLT suppression and show no effect on 18 F-FDG at the same concentration and time of treatment with either siRNA directed against EWS-FLI1 or small molecules that inhibit EWS-FLI1. Finally, we exclude cell cycle perturbations as the cause of suppression by showing that mithramycin and its analogs arrest the cell cycle which would in theory increase 18 F-FLT activity but instead cause marked suppression of 18 F-FLT PET activity. This tracer will provide investigators with an important tool to facilitate the development of new EWS-FLI1-directed therapies. It will afford the opportunity to determine if a given targeted compound is able to achieve EWS-FLI1 suppression without the need for invasive biopsies. This could potentially allow for patient-specific dosing regimens that broaden the therapeutic window to maximize target suppression and minimize toxicity. Alternatively, the tracer may be used to optimize the schedule of drug administration to either maintain EWS-FLI1 suppression or optimize combination therapies. We have previously reported a combination therapy that capitalizes on EWS-FLI1 suppression to target the toxicity of irinotecan to Ewing sarcoma cells based on the suppression of expression of the WRN gene 35 . It is likely that 18 F-FLT could be used to optimize the schedule of administration of this combination such that irinotecan could be given at the point of maximal EWS-FLI1 suppression to yield the maximum clinical benefit.
The use of PET imaging to quantitate target suppression has substantial advantages over biopsy-based approaches. Although pre-and post treatment tissues sections could be used to evaluate EWS-FLI1 downstream target expression, it is difficult to obtain biopsies for research purposes because of perceived risks to the patient. Furthermore, the process of tissue collection and staining is time and labor intensive and requires several days to yield the final result. This limits the utility of the biopsy-based approach as a method to make patient-specific treatment decisions.
Finally, this tracer may also find utility as a diagnostic agent for Ewing sarcoma. Since EWS-FLI1 is the dominant oncogene of Ewing sarcoma, one would expect these tumors to be extremely 18 F-FLT PET-avid. Therefore, 18 F-FLT may ultimately serve as a sensitive biomarker for relapse to complement 18 F-FDG PET. This tracer would be particularly sensitive for metastases in areas such as the brain that show high 18 F-FDG activity that limits the use of this tracer in these locations. In addition, since tumor relapse can often be confused with processes like infection that also increase in 18 F-FDG activity, 18 F-FLT might be used as a complementary agent to help distinguish these two clinical scenarios (although this question would need to be formally studied). Finally, in cases where obtaining a diagnostic specimen may require an invasive procedure, 18 F-FLT may provide additional evidence to justify the procedure.
In summary, this report provides the basis for the clinical evaluation of 18 F-FLT as a biomarker for Ewing sarcoma. The tracer will aid in the development of therapies that target the dominant oncogene of Ewing sarcoma, EWS-FLI1. In addition, 18 F-FLT may emerge as an important diagnostic tool for the detection of Ewing sarcoma in patients.
Methods
Cell Lines, Cell Culture, and Reagents. TC32, TC71, and A673 Ewing sarcoma cells were the gift of Dr.
T. Triche (The Saban Research Hospital, Children's Hospital of Los Angeles, CA). EW8 Ewing sarcoma cells were the gift of Peter Houghton (Nationwide Children's Hospital, Columbus, OH). The MCF7 breast carcinoma cell line was the gift of Dr. Patricia Steeg (National Cancer Institute, Bethesda, MD). The RH30 and RD rhabdomyosarcoma cells were the gift of Lee Helman (National Cancer Institute, Bethesda, MD). The A2058 melanoma cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA). The identity of all cells was independently authenticated by short tandem repeat genotyping. All cells were maintained in culture in RPMI 1640 (Invitrogen, Carlsbad, CA). The medium was supplemented with 10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA), 2 mM L-Gln, 100 U/mL of penicillin and 100 μ g/mL of streptomycin (ThermoFisher, Waltham, MA).
Compounds. Mithramycin Cell-cycle analysis. TC32 cells were plated, allowed to recover overnight, and then incubated with drug at the specified concentration 24 h. Following collection in PBS, the cells were fixed in 70% ethanol for 3 h at 4 °C, washed with PBS, and stained with propidium iodide (0.02 mg/mL) in 0.1% Triton X-100 with RNAse A for 30 min at room temperature. The cells were filtered and analyzed by with the Fortessa analytical cytometer (BD Biosciences, San Jose, CA).
F-FLT Radiosynthesis.
18 F-FLT was prepared as previously described either internally or at Spectron MRC (South Bend, IN) 37 .
18 F-FLT was obtained with average radiochemical purity of 98.5%.
FLT activity in cell line. TC32 cells were plated, allowed to recover overnight, and then incubated with drug (mithramycin or chemotherapy) at the specified concentration for 18 h. A second set of TC32 cells was plated following the siRNA protocol and incubated for 24 h. The medium was aspirated and the cells were incubated with 25-30 μ Ci for 1 h at 37 °C. The cells were collected, washed, and suspended in PBS. 18 F-FLT activity was measured using a gamma well counter (Capintec, Ramsey NJ).
Mouse PET Imaging. Two million TC71 cells were injected intramuscularly in the left gastrocnemius of female 6-week-old female homozygous nude mice (Crl; Nu-Foxn1 Nu ) (Charles River Laboratories, Fredrick, MD). Tumors were established to a minimum diameter of 0.5 cm. Seven cohorts of five mice wwere then treated with vehicle; 1 mg/kg of EC8105 or mithramycin, 24 mg/kg of EC8042, or 50 mg/kg of 5-fluorouracil, administered intraperitoneally immediately after baseline image. The mice were imaged at 6 h, 24 h, and 48 h after initial treatment. Mice were injected retro-orbitally with ~7 MBq/0.2 mL 18 F-FLT immediately after treatment/sham, at 24 hours, and at 48 hours post treatment/sham. Forty minutes later, the mice were anesthetized with 2% isofluorane and positioned in an Inveon PET/CT (Siemens Preclinical, Knoxville TN). The mice were imaged for 20 min in static mode. Data from all possible lines of response (LOR) were saved in the list mode raw data format. The raw data was then binned into 3D sinograms with a span of 3 and ring difference of 47. The images were reconstructed into transaxial slices (128 × 128 × 95) with voxel sizes of 0.095 × 0.095 × 0.08 cm 3 using an iterative ordered subsets expectation maximization (OS-EM 2D) algorithm with 16 subsets and 4 iterations. Immediately following the PET scans, a CT image was obtained for anatomical co-registration, with an x-ray voltage of 80 kVp and an x-ray beam intensity of 25 mAs. The CT images were reconstructed into 384 × 384 × 417 voxels at a voxel size of 0.114055 × 0.114055 × 0.114055 mm 3 . The mice were sacrificed after the last image was obtained and the tissue was fixed as below. All experiments were performed in accordance with the guidelines and regulation of, and were approved by, the Animal Care and Use Committee at Vanderbilt University, Nashville, TN, or in accordance with Animal Care and Use Committee of the Southern Research Institute. Investigators who completed the imaging analysis were blinded to the treatment groups; the remaining investigators were not.
Data Analysis. PET/CT data were co-registered in Amide (www.sourgeforge.com) based on bed position.
Three dimensional regions-of-interest (ROIs) were drawn around the entire tumor and around muscle (opposite hind limb) in the CT images and superimposed onto the PET images.
Immunofluorescence or immunohistochemistry. Tumors were collected, immediately fixed in 10%
formalin for 48 h, transferred to 70% ethanol, and embedded in paraffin. Antigen retrieval and primary staining was performed on the Ventana automated stainer using a rabbit anti-TK1 antibody (Abcam). The tissue sections were visualized using an Aperio imager (Leica, Buffalo Grove, IL).
Statistical Methods. All statistical analyses were performed using R v 3.2.2. To test for changes in gene expression, two-sided one-sample t-tests were used to determine if the fold-change of expression was significantly different from 1.0. False-discovery rate corrections were used to adjust for multiple testing. False coverage rate adjusted intervals are presented instead of confidence intervals so that interval estimates are also adjusted appropriately for multiple testing. The FDG experiment was analyzed via standard one-way ANOVA and, due to heteroscedasiticy identified via Bartlett's test, the FLT experiment was analyzed via robust regression using an M-estimator. False discovery rate corrected linear contrasts used for post-hoc testing on both the FDG and FLT data. Normality was assessed visually, no concerning deviations were identified. Fold-change appeared to be more normally distributed than log fold-change, so these values were not transformed. The level of significance was set at 0.05. FLT chemotherapy response was analyzed via Kruskal-Wallis with Dunn's multiple comparisons test relative to Medium.
